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Edited by Stuart FergusonAbstract Pi binding by the F1-ATPase of beef heart mitochon-
dria and of the Escherichia coli plasma membrane (E. coli F1)
was examined by two methods: the centrifuge column procedure
[Penefsky, H.S. (1977) J. Biol. Chem. 252, 2891–2899] and the
Paulus pressure dialysis cell [Paulus, H. (1969) Anal. Biochem.
32, 91–100]. The latter is an equilibrium dialysis-type procedure.
Pi binding by beef heart F1 could be determined by either proce-
dure. However, direct binding of Pi to E. coli F1 could be deter-
mined adequately only in the Paulus cell which indicated more
than two binding sites per mol of enzyme with a Kd in the range
of 0.1 mM. It is concluded that previous failure to observe Pi
binding to E. coli F1 with the centrifuge column procedure is
due to a rapid rate of dissociation of Pi from the E. coli enzyme
which results in loss of Pi during transit of the enzyme–Pi com-
plex through the column.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The interaction of Pi, ADP and ATP with energy-transduc-
ing ATPases is critical to an understanding of the mechanism
of action of these enzymes in ATP synthesis and hydrolysis.
While the interactions of nucleotides with the enzymes have
been extensively documented, the problem of Pi binding has
been less tractable. Penefsky showed that direct binding of Pi
to beef heart F1 could be determined by both the centrifuge
column [1,2] and the Paulus pressure dialysis cell [3]. The Pau-
lus cell studies yielded a Kd of 80 lM [1]. Kasahara and Penef-
sky [4] found, using the centrifuge column and correcting for
apparent non-saturable Pi binding to beef heart F1, evidence
for two binding sites with Kd of about 30 lM. However, little
if any direct binding of puriﬁed (32P)Pi to E. coli F1 could be
seen using the centrifuge column [5] and competition experi-
ments with Mg2+-AMPPNP (Mg-adenylyl imidodiphosphate)
or ATP in ﬂuorescence titrations of tryptophan inserted into
a catalytic site, using a bY331W mutant E. coli enzyme,
yielded a Kd value for Pi thought to be greater than 10 mM
[6–8]. Mendel-Hartvig and Capaldi [9] observed that Pi pro-
tected the  subunit of E. coli F1 from cleavage by trypsinAbbreviations: NBD-Cl, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole
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et al. [10] observed that addition of Pi served to protect the
membrane-bound ATPase activity of beef heart submitochon-
drial particles and of Paracoccus denitriﬁcans from inhibition
by 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl). A Kd
for Pi of 0.2 mM was calculated from the data. It was sug-
gested that the protection reﬂected binding of Pi in a catalytic
site [10]. Similar observations of Pi protection against NBD-Cl
inhibition were recently reported by Ahmad and Senior [11,12]
in studies with E. coli F1.
This paper shows that binding of puriﬁed 32P(Pi) to soluble
E. coli F1 is readily observed with an equilibrium dialysis type
procedure such as the Paulus pressure dialysis cell [3]. More
than two binding sites for Pi per mol of enzyme were found
with a Kd in the range of 0.1 mM.2. Materials and methods
Enzyme preparations. Beef heart F1 was prepared as described [13].
The speciﬁc activity of the enzyme, assayed as described [14], was
98 lmol Pi formed/mg protein/min. The E. coli strain JP2b-WT con-
sists of the E. coli uncD deletion strain of Lee et al. [15] harboring
the unc-operon plasmid pJW1 [16]. Membranes were prepared as de-
scribed by Wise [16] and enzyme puriﬁcation and assays were carried
out according to Duncan et al. [17]. The speciﬁc activity was 34 lmol
Pi formed/mg protein/min. Both enzymes were prepared for binding
experiments by exchange of buﬀers on a centrifuge column [1] equili-
brated with 50 mM Mes–Tris, pH 7.5, 50 mM sucrose and 2 mM
MgSO4 (Buﬀer 1). Steps 1 and 2 of the buﬀer exchange were carried
out at 1750 rpm, 511·g at the tip of the syringe (see below).
Methods. Carrier-free 32Pi (catalog number 64013) was purchased
from MP Biomedicals, Inc., Irvine, CA and puriﬁed as described by
de Meis and Tume [18] except that the magnesium-ammonium-phos-
phate precipitate obtained in the last step was dissolved by adding
0.2 ml of Dowex H+ as described by Stigall et al. [19]. Dowex treatment
removes magnesium from the preparation [19]. Puriﬁed 32Pi was used in
binding experiments on the ﬁnal day of preparation and on the follow-
ing day but not thereafter. The Mg2+ complexes of PPi and PPPi were
prepared by adding 1 MMgCl2 to 10 ml of 24 mMPPi or PPPi until the
voltage generated by an immersed pH electrode no longer changed
(close to 1 equivalent of Mg2+ was required). 1 M HCl was added to
adjust the pH to 7.5, followed by water to a ﬁnal volume of 20 ml.
Measurement of 32Pi binding. 32Pi binding to both enzymes was mea-
sured by a modiﬁed version of the centrifuge column procedure [1,2].
The revised version made use of Sephadex G50-150 (Sigma), swollen
in Buﬀer 1, and formed to the 1 ml mark in a Becton–Dickinson tuber-
culin syringe, model number W11856, ﬁtted with a porous polyethylene
disc. In step 1, the column of Sephadexwas allowed to stand for 3–5 min
until no further liquid drained from it and was then transferred to a
six-place swinging bucket rotor, no. 221, of the model CL centrifuge
(International Equipment Company, Needham Heights, MA). Centri-
fugation was initiated for a total of 2 min at a speed of 2400 rpm
(960·g at the tip of the syringe). In step 2, 80–100 ll of an incubated
reaction mixture containing F1, Buﬀer 1 and
32Pi at concentrationsation of European Biochemical Societies.
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and centrifuged for 2 min at 1050 rpm (180·g at the tip of the syringe).
The eﬄuent was collected in weighed vials for measurement of volume,
protein content and radioactivity. In contrast to the earlier procedure
[1,2], the volume of eﬄuent collected was about 40 ll and the recovery
of protein ranged from 30% to 70%. Importantly, however, the amount
of radioactivity appearing in the eﬄuent was about 0.007% of that ap-
plied to the column in control centrifugations which omitted F1.
32Pi binding to both beef heart and E. coli F1 also was measured with
the aid of the Paulus pressure dialysis cell [3] as described for beef heart
F1 [1], using incubation conditions shown in the legend to Fig. 2. The
concentration of F1 was determined by the method of Lowry et al. [20]
using bovine serum albumin as standard.Fig. 2. Pi binding by E. coli F1. Comparison of results from the
centrifuge column and the Paulus pressure dialysis cell. The reaction
mixtures contained in a ﬁnal volume of 0.3 ml, 40 mM Mes–Tris, pH
7.5, 2 mM MgSO4, 50 mM sucrose, 2.3 nmol of E. coli F1, Pi of the
concentration indicated and 2.9 · 106 cpm of puriﬁed 32Pi. Enzyme
was added last and the incubation was continued for 20 min at which
time 0.2 ml of the incubation mixture were transferred to the upper
chamber of the Paulus pressure dialysis cell. After a total of 30 min of
incubation, the system was pressurized and 5 ll samples of ﬁltrate were
removed for counting as described [1]. After 40 min of incubation,
80 ll of the remaining reaction mixture were applied to the tops of
centrifuge columns and processed as described in Section 2.3. Results
It is shown in Fig. 1 that binding of puriﬁed 32P(Pi) to beef
heart F1, measured with the centrifuge column (upper curve),
is substantially the same as that reported earlier [4] even
though the earlier experiments were carried out with unpuri-
ﬁed 32Pi. Under the same conditions, 32Pi apparently bound
poorly to E. coli F1 (lower curve).
However, when 32Pi binding was measured with the Paulus
pressure dialysis cell, Fig. 2, clear evidence was obtained for
32Pi binding by E. coli F1. Once again,
32Pi binding to E. coli
F1 was poor (Fig. 2, lower curve) when aliquots of the same
reaction mixture used in the Paulus cell experiments were ap-
plied to centrifuge columns. A Scatchard plot of the binding
data from the Paulus cell experiment of Fig. 2 is shown in
Fig. 3. More than two binding sites per mol of enzyme are indi-
cated with a Kd in the range of 0.1 mM.4. Discussion
This paper clearly demonstrates direct binding of Pi to the
soluble F1ATPase of beef heart mitochondria and the E. coliFig. 1. Pi binding to beef heart F1 and to E. coli F1. The reaction
mixtures contained in a ﬁnal volumeof 125 ll, 40 mMMes–Tris, pH7.5,
50 mM sucrose, 2 mMMgSO4, 3.9 nmol beef heart F1 or 3.0 nmol of E.
coli F1, Pi of the concentration shown and 4.3 to 6 · 106 cpm of puriﬁed
32Pi. F1 was added last and after 30 min of incubation at room
temperature, 85 ll of the reaction mixtures were applied to the tops of
centrifuge columns for measurement of Pi binding as described in
Section 2. The arrows point to experimentswhich included 1 mMMgPPi
or MgPPPI in the reaction mixture. The various symbols represent the
results of independent experiments carried out at diﬀerent times.
Fig. 3. Scatchard plot of the data from the Paulus cell experiment in
Fig. 2. R, mol of Pi bound per mol of enzyme. The data were ﬁtted
with a linear least squares procedure which omitted the data point at
R = 0.4. More than two binding sites per mol of enzyme are seen with a
Kd in the range of 0.1 mM.plasma membrane. The fact that binding to E. coli F1 is poor
in centrifuge column experiments appears due to rapid dissoci-
ation of Pi from the enzyme during transit of the enzyme–
ligand complex through the Sephadex column. Although
dissociation of Pi from beef heart F1 is slower, thus permitting
studies with the centrifuge column, the observed extent of
binding was greater when the pressure dialysis cell was used
[1]. The possibility that the centrifuge column procedure might
not be useful for the study of rapidly dissociating systems was
2252 H.S. Penefsky / FEBS Letters 579 (2005) 2250–2252discussed earlier [2] and explains the failure of other attempts
at direct measurement of Pi binding by E. coli F1 [5].
It is unlikely that the liganding species in these experiments
is a radioactive contaminant of the 32Pi preparation such as
(32P)PPi or (32P)PPPi, as has been suggested [5], since neither
PPi nor PPPi at 1 mM concentrations signiﬁcantly aﬀected
32Pi binding to either form of the enzyme, Fig. 1. In fact, in
some experiments, the latter two compounds stimulated 32Pi
binding in a manner reminiscent of the oxyanion enhancement
of Pi binding described earlier [1].
The Kd of about 0.1 mM for Pi binding to E. coli F1
observed in this study, and of 80 lM for beef heart F1 [1]
would appear to be in reasonable agreement with the Kd of
about 0.2 mM calculated for Pi binding in competition exper-
iments with NBD-Cl [10].
The ﬁnding of Orriss et al. [21] that NBD-Cl reacts with the
phenolic oxygen of Tyr311 in an empty (that is, nucleotide-
free) catalytic site of the E. coli F1 b subunit and the further
conclusion, based on the NBD-Cl experiments, that Pi binds
in a catalytic site [10,12] reopens the question of why Pi did
not compete with Mg2+-AMPPNP or ATP for a binding site
on the enzyme [6,7]. Ahmad and Senior [11] proposed a com-
plex model in which the catalytic site, in a ‘‘partly’’ closed
state, could accommodate both Pi and adenine nucleotide. Pre-
sumably, these ligands would thus be shielded from the med-
ium. A simpler explanation can be based on two
observations. (1) Mg2+-AMPPNP causes a conformational
change in the enzyme when added to beef heart F1 [22,23].
Such a change in E. coli F1 might preclude Pi binding. (2)
Mg2+ was not included in the reaction mixture for the compe-
tition test with ATP. Since addition of Mg2+ more than dou-
bled Pi binding to beef heart F1 [1], it may be that the
failure of Pi to compete with ATP in this E. coli experiment
is simply due to a Mg2+-dependence of Pi binding.
Modiﬁcation of the centrifuge column procedure for use
in these experiments was necessitated by an apparent change
in the manufacture of the tuberculin syringes and likely in-
cluded a change in the nature of the coating applied to
the inside wall of the syringes. If Sephadex G50 Fine is used
in these syringes, as described earlier [1,2], the Sephadex
column, upon centrifugation, develops vertical ﬁssures and
horizontal breaks and the retention on the column of 32Pi
not bound to protein is severely reduced. In the original
experiments with Sephadex G50 Fine and the earlier version
of the syringes [1,2] only about 0.0005% of the radioactivity
applied to the column in the absence of F1 appeared in the
eﬄuent whereas when Sephadex G50 Fine is used in cur-
rently available syringes about 0.1% of the applied radioac-
tivity appeared in the eﬄuent. The latter retention may be
suitable for removal of salts and for buﬀer exchange in solu-
tions of macromolecules but is limiting for studies of ligand
binding.
Acknowledgments: Supported by the Public Health Research Institute.
E. coli F1 was generously provided by Dr. R.L. Cross.References
[1] Penefsky, H.S. (1977) Reversible binding of Pi by beef heart
mitochondrial adenosine triphosphatase. J. Biol. Chem. 252,
2891–2899.[2] Penefsky, H.S. (1979) A centrifuged-column procedure for the
measurement of ligand binding by beef heart F1. Methods
Enzymol. LVI, 527–530.
[3] Paulus, H. (1969) A rapid and sensitive method for measuring the
binding of radioactive ligands to proteins. Anal. Biochem. 32, 91–
100.
[4] Kasahara, M. and Penefsky, H.S. (1978) High aﬃnity binding of
monovalent Pi by beef heart mitochondrial adenosine triphos-
phatase. J. Biol. Chem. 253, 4180–4187.
[5] Al-Shawi, M.K. and Senior, A.E. (1992) Eﬀects of dimethyl
sulfoxide on catalysis in Escherichia coli F1-ATPase. Biochemistry
31, 886–891.
[6] Weber, J., Wilke-Mounts, S., Lee, R.S.F., Grell, E. and Senior,
A.E. (1993) Speciﬁc placement of tryptophan in the catalytic sites
of Escherichia coli F1-ATPase provides a direct probe of nucle-
otide binding: maximal ATP hydrolysis occurs with three sites
occupied. J. Biol. Chem. 268, 20126–20133.
[7] Lobau, S., Weber, J. and Senior, A.E. (1998) Catalytic site
nucleotide binding and hydrolysis in F1F0-ATP synthase. Bio-
chemistry 37, 10846–10853.
[8] Weber, J. and Senior, A.E. (1995) Location and properties of
pyrophosphate-binding sites in Escherichia coli F1-ATPase. J.
Biol. Chem. 270, 12653–12658.
[9] Mendel-Hartvig, J. and Capaldi, R.A. (1991) Catalytic site
nucleotide and inorganic phosphate dependence of the confor-
mation of the subunit in Escherichia coli adenosinetriphospha-
tase. Biochemistry 30, 1278–1284.
[10] Perez, J.A., Greenﬁeld, A.J., Sutton, R. and Ferguson, S.J. (1986)
Characterization of phosphate binding to mitochondrial and
bacterial membrane-bound ATP synthase by studies of inhibition
with 4-chloro-7-nitrobenzofurazan. FEBS Lett. 198, 113–118.
[11] Ahmad, Z. and Senior, A.E. (2004) Mutagenesis of residue bArg-
246 in the phosphate-binding subdomain of catalytic sites of
Escherichia coli F1-ATPase. J. Biol. Chem. 279, 31503–31513.
[12] Ahmad, Z. and Senior, A.E. (2005) Involvement of ATP synthase
residues aArg-376, bArg-182, and bLys-155 in Pi binding. FEBS
Lett. 579, 523–528.
[13] Penefsky, H.S. (1967) Preparation of beef heart mitochondrial
ATPase. Methods Enzymol. LV, 304–308.
[14] Pullman, M.E., Penefsky, H.S., Datta, A. and Racker, E. (1960) I.
Puriﬁcation and properties of soluble dinitrophenol-stimulated
adenosine-triphosphatase. J. Biol. Chem. 235, 3322–3329.
[15] Lee, R.S.-F., Pagan, J., Wilke-Mounts, S. and Senior, A.E. (1991)
Characterization of Escherichia coli ATP synthase b-subunit
mutations using a chromosomal deletion strain. Biochemistry 30,
6842–6847.
[16] Wise, J.G. (1990) Site-directed mutagenesis of the conserved b
subunit tyrosine331 of Escherichia coli ATP synthase yields
catalytically active enzymes. J. Biol. Chem. 265, 10403–10409.
[17] Duncan, T.M., Bulygin, V.V., Zhou, Y., Hutcheon, M.L. and
Cross, R.L. (1995) Rotation of subunits during catalysis by
Escherichia coli F1-ATPas. Proc. Natl. Acad. Sci. USA 92, 10964–
10968.
[18] de Meis, L. and Tume, R.K. (1977) A new mechanism by which
an H+ concentration gradient drives the synthesis of adenosine
triphosphate, pH jump, and adenosine triphosphate synthesis by
the Ca2+-dependent adenosine triphosphatase of sarcoplasmic
reticulum. Biochemistry 16, 4455–4463.
[19] Stigall, D.L., Galante, Y.M. and Hateﬁ, Y. (1979) Preparation
and properties of complex V. Methods Enzymol. LV, 308–315.
[20] Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J.
(1951) J. Biol. Chem. 193, 265–275.
[21] Orriss, G.L., Leslie, A.G., Braig, K. and Walker, J.E. (1998)
Bovine F1-ATPase covalently inhibited with 4-chloro-7-nitro-
benzofurazan: the structure provides further support for a rotary
catalytic mechanism. Structure 6, 831–837.
[22] Penefsky, H.S. (1974) Diﬀerential eﬀects of adenylyl imidodi-
phosphate on adenosine triphosphate synthesis and the partial
reactions of oxidative phosphorylation. J. Biol. Chem. 249, 3579–
3585.
[23] Garrett, N.E. and Penefsky, H.S. (1975) Interaction of adenine
nucleotides with multiple binding sites on beef heart mito-
chondrial adenosine triphosphatase. J. Biol. Chem. 250, 6640–
6647.
